[1] The role of phyllosilicate fabrics in fault gouge is a poorly understood component of the mechanical and hydrologic behavior of brittle fault zones. We present 90 fabric intensity measurements using X-ray texture goniometry on 22 natural clay-rich fault gouges from low-angle detachment faults (Death Valley area detachments, California; Ruby Mountains, Nevada; West Salton Detachment Fault, California) and the Peramola thrust in NE Spain. Natural fault gouges have uniformly weak clay fabrics (multiples of a random distribution (MRD) = 1.7-4.5, average MRD = 2.6) when compared to phyllosilicate-rich rocks found in other geologic settings. Clay fabric intensities in natural gouges do not vary significantly either as a function of tectonic environment or of dominant clay mineralogy in the gouge. We compare these natural samples with 69 phyllosilicate fabric intensities measured in laboratory experiments on synthetic clay-quartz mixtures. Clay fabric intensities from laboratory samples are similar to those in natural gouges (MRD = 1.7 -4.6), but increase systematically with increasing shear strain and normal stress. Total phyllosilicate content does not significantly affect clay fabric intensity. Shear strain is important for developing stronger fabrics; samples subjected solely to compression exhibit uniformly weak fabrics (MRD = 1.6 -1.8) even when compressed at high normal stresses (150 MPa). The weak fabrics found in natural fault gouge indicate that if anisotropic and overall low fault zone permeability allow elevated pore fluid pressures and fault weakening, this anisotropy must be a transient feature that is not preserved. Our data also reinforce the idea that clay fabric development in sedimentary rocks is primarily a function of authigenic mineral growth and not of compaction-induced particle rotation. 
Introduction
[2] Clay-rich fault gouges play a significant role in controlling the frictional and hydrologic properties of seismic and aseismic faults [e.g., Sibson, 1977; Byerlee, 1978; Vrolijk and van der Pluijm, 1999] . Although a large body of experimental data has quantified the frictional properties of clay-rich gouges [e.g., Lupini et al., 1981; Morrow et al., 1992 Morrow et al., , 2000 Logan and Rauenzahn, 1987; Moore et al., 1989; Saffer et al., 2001; Brown et al., 2003; Saffer and Marone, 2003; Numelin et al., 2007; Ikari et al., 2007] , the relationships between preferred alignment of clays, permeability, frictional stability, and fault strength are not well understood. The preferred orientation of phyllosilicates in natural faults has been suggested as a key control on fault frictional behavior [e.g., Rice, 1992] . Phyllosilicate preferred orientation has also been invoked to interpret slip rate and other in situ faulting conditions based on both surface exposures of preserved faults and scientific fault drilling [e.g., Chester and Logan, 1987; Cladouhos, 1999a Cladouhos, , 1999b Cowan et al., 2003; Storti et al., 2003; Di Toro et al., 2005] . Quantifying the intensity and orientation of clay fabrics in clay-rich gouges is therefore important for assessing the degree to which clay fabrics in fault cores are anisotropic as would be required for maintaining a fluid pressure regime that is distinct from the surrounding wallrocks.
[3] Limited quantitative studies of clay fabric intensity in natural fault zones have shown that clay gouges generally have weak fabrics [Yan et al., 2001; Solum et al., 2003 Solum et al., , 2005 . The goals of this paper are to (1) examine phyllo-silicate fabric intensities from natural clay-rich fault gouges in a variety of geologic environments, with a variety of clay minerals and (2) link the fabrics in natural gouges to those developed in synthetic gouges under controlled laboratory shearing experiments. The laboratory experiments are designed to assess the relative roles of normal stress, shear strain, and clay content on clay fabric intensity. We quantify clay gouge fabric intensity using X-ray texture goniometry (XTG) . In this paper we focus on fabric measurements from low-angle normal faults and compare these with previously reported data for gouges from thrust faults, listric normal faults and strike slip faults. We examine natural gouges that contain predominantly illite, chlorite, smectite, kaolinite, palygorskite or sepiolite and assess the differences in fabric intensity of clay-rich gouges as a function of mineralogy and tectonic environment. Through the use of oriented specimens we link the orientation of clay fabric as determined by XTG to macroscopic fabrics visible in many fault gouges.
[4] Low-angle normal faults have long been of special interest as they apparently slip at very low dips compared to predictions from rock mechanics [e.g., Buck, 1988; Wernicke and Axen, 1988; Axen, 2004] . These faults have a recognizable geometry in the field, characterized by a highly asymmetric fault zone, with a brecciated and diffuse lower boundary and a reduction in grain and clast size approaching a relatively planer upper boundary surface [Cladouhos, 1999a; Cowan, 1999; Cowan et al., 2003] (Figure 1 ). It has been proposed that the distribution of strain in low-angle normal faults is highly anisotropic and localized on an upper principal shear plane (PSP) at the contact of the gouge layer with the hangingwall. Moreover, strain apparently decreases exponentially across the gouge zone and into the damage zone in the footwall across a zone 2 -20 m thick ( Figure 1 ). As part of our study we test this concept by measuring clay fabric intensity in two sample transects across low-angle normal fault zones to ascertain if the posited increase in shear strain with proximity to the hanging wall contact is reflected in preferred alignment of clay minerals.
[5] To examine the processes that control the intensity and evolution of clay fabrics (Figure 1 ), we also conducted laboratory measurements of fabric intensity. This work Figure 1 . (a) Schematic illustration of clay fabric intensity (weak and strong clay fabrics) and orientation in fault zones. (b) Schematic illustration of low-angle normal fault zone architecture and strain distribution model of low-angle normal fault gouges of Cowan et al. [2003] . PSP is principal shear plane. Redrawn from Cowan et al. [2003] .
focuses on mixtures of montmorillonite and quartz, in order to evaluate the relative roles of normal stress, shear strain, and clay content. The experiments also permit an assessment of the degree to which strain in clay-rich mixtures is accommodated along discrete shear surfaces (''R'' surfaces of Logan et al. [1979] ) or by bulk deformation and realignment of phyllosilicates. Moreover, simple compaction experiments provide an opportunity to evaluate sedimentary fabric development models such as the March strain model [March, 1932] . Although numerous conceptual models for clay compaction in sedimentary environments infer strong preferred orientation due to mechanical effects of compaction and consolidation [e.g., Lambe, 1953 Lambe, , 1958 Ingles, 1968; Yong, 1972] , few experimental validations for this view have been offered [Tullis, 1976] . We aim to test the applicability of the March strain model [March, 1932] using clay-rich mixtures compressed at a variety of normal stresses. This work will test whether fabric can be used to quantify strain in clay-rich gouges and clay-rich sedimentary rocks.
Clay Fabric Intensity Measurements
[6] The preferred orientation of minerals in rock has typically been quantified using the following four techniques: (1) universal stage optical microscopy [e.g., Turner and Weiss, 1963] , (2) semiautomated optical microscopy [e.g., Price, 1973; Heilbronner and Pauli, 1993] , (3) electron backscattered diffraction [e.g., Lloyd, 1987; Wilkinson and Hirsch, 1997] , and (4) X-ray texture goniometry [e.g., Schulz, 1949; Oertel, 1983; van der Pluijm et al., 1994] . Additionally, bulk rock fabric quantification has been obtained by magnetic analysis [e.g., Housen et al., 1993; Richter et al., 1993; Pares et al., 1999] and neutron diffraction [Wenk, 2006] . Because clay crystallite dimensions are typically a few microns or less, which is below the resolution of optical or scanning electron microscopy, X-ray texture goniometry is our preferred technique for quantifying clay fabric.
[7] XTG is ideal for the quantification of fabric intensity in clay-rich fault gouge because it provides information for large numbers of small particles in three dimensions, and the analysis and sample preparation are straightforward. The XTG technique has been used to quantify phyllosilicate fabric intensity in the following four basic areas: (1) Identifying the relative roles of compaction and authigenic mineral growth in the mud-to-shale transition [Sintubin, 1994b; Curtis et al., 1980; Ho et al., 1999; Aplin et al., 2006; DayStirrat et al., 2008] ; (2) assessing the relative roles of mechanical rotation, dissolution, and neocrystallization of micas in the shale-to-slate transition [Holeywell and Tullis, 1975; Tullis and Wood, 1975; Sintubin, 1994a; Ho et al., 1995 Ho et al., , 1996 Ho et al., , 2001 Jacob et al., 2000] ; (3) Assessing the symmetry of the preferred orientation of micas in phyllonitic and mylonitic rocks [O'Brien et al., 1987] ; and (4) Quantifying phyllosilicate fabric intensities in clay-rich fault gouges [Yan et al., 2001; Solum et al., 2003 Solum et al., , 2005 Schleicher et al., 2009] . The technique has also been used to study spatial variations of strain, on the mm to m scale, in phyllosilicate-rich rocks [Oertel and Curtis, 1972; Holeywell and Tullis, 1975; Curtis et al., 1980; van der Pluijm et al., 1994; Ho et al., 1995] .
[8] Results of XTG measurements are typically expressed in multiples of a random distribution (MRD) units. which are analogous to % of the data per 1% area of the pole figure [Wenk, 1985] , e.g., an MRD value of 3 means that 3% of the total corrected number of X-ray counts are found in 1% of the pole figure.
Faults Studied
[9] We measured fabric intensities of clay-rich gouges from nine faults. Six of these were detachment faults in the Death Valley, CA area (the Badwater, Copper Canyon, Mormon Point (2 exposures), Gregory Peak Detachments, the basal fault of the Amargosa Chaos, and a low-angle detachment exposed near the Dante's View overview in Death Valley NP). We also sampled gouge from 3 other faults, the Ruby Mountains detachment fault in NE Nevada (exposed at 2 localities, Secret Pass and Clover Hill), the Salton Detachment in SW California and the Peramola Thrust in NE Spain (Figure 2 ). We chose these faults to complement previous XTG studies on listric normal faults (Moab Fault, Utah, United States ), thrust faults (Lewis Thrust, Alberta, Canada [Yan et al., 2001] ) and strike-slip faults (Punchbowl Fault, California, United States [Solum et al., 2003] ).
[10] Low-angle normal faults have received little attention for fabric quantification, yet they are of considerable interest due to the mechanical paradox of their shallow dip and misorientation relative to theoretical and laboratory predictions [e.g., Buck, 1988; Wernicke and Axen, 1988; Axen, 2004] . The Peramola thrust was included because the gouge contains significant corrensite (ordered chlorite/ smectite), a mineral that has increasingly been identified in clay gouges in surface exposures and scientific drilling projects [e.g., Schleicher et al., 2008 ; S. Haines, Transformations in clay-rich fault rocks: Constraining fault zone processes and the kinematic evolution of regions, University of Michigan, unpublished Ph.D. thesis, 2008] .
Death Valley Area Low-Angle Normal Faults
[11] We sampled a total of seven localities in southern Death Valley, California. This area has exceptional exposure and preservation of clay-rich fault gouges along shallowly dipping NW-directed normal faults of Miocene-to-Recent age, and the faults have been studied extensively [Pavlis et al., 1993; Miller, 1996; Cladouhos, 1999a Cladouhos, , 1999b Cowan, 1999; Cowan et al., 2003; Hayman et al., 2004; Hayman, 2006; Haines, unpublished thesis, 2008] . Sample localities included the three ''turtlebacks'' on the west side of the Black Mountains, one locality in the southern Black Mountains in the Amargosa Chaos area, and one locality at a smaller detachment in the central Black Mountains near Dante's View (see Figure 2 and Table 1) . At all localities, the faults juxtapose poorly sorted, moderately indurated Pliocene-Recent gravels against either highly fractured and chloritized Precambrian metamorphic rocks (as at Badwater, Copper Canyon and Mormon-3) or fractured midMiocene dioritic and granitic plutonic rocks at Mormon-2 and Size 36 Canyon (the Gregory Peak detachment). The fault rocks of the Death Valley detachments have been described in detail by Cladouhos [1999a Cladouhos [ , 1999b , Cowan et al. [2003] , and Hayman et al. [2004] and outcrop details are found given by Haines (unpublished thesis, 2008) .
[12] In outcrop, the gouges commonly, but not always, have a crude foliation subparallel to the fault zone margins defined by Y, R and P surfaces (using the terminology of Chester et al. [1985] ). Gouge layers at all exposures range from 0.2 m to 2.0 m thick, and gouge zone thicknesses vary rapidly along strike. At Exclamation Rock on the Shoshone-Death Valley road, the Amargosa detachment places mid-Proterozoic Crystal Springs greenschist-facies quartzites over mid-Proterozoic muscovite schistose gneisses. On the road to Dante's View, (the fault at mile 11.3 of Miller and Wright [2004] ), a low-angle normal fault juxtaposes Miocene rhyolites in the hangingwall over Miocene white tuff in the footwall.
[13] X-ray diffraction (XRD) analyses indicate that the Death Valley gouges are mineralogically variable (Haines, unpublished thesis, 2008) . The gouges have two characteristic clay mineral assemblages; one is dominated by detrital chlorite and its alteration products, corrensite and smectite, derived from pervasive chloritic alteration of the footwall. The second assemblage is dominated by authigenic 1M d illite, which is derived from the breakdown of feldspar in granitic footwall rocks. The distribution of the two assemblages is primarily a function of the distribution of footwall lithologies. At Mormon-3, a very distinctive gouge mineral assemblage of trioctahedral smectite, sepiolite, talc, and lizardite is found overprinting an apparently older detrital chloritic gouge based on field relationships. Field fabrics indicate that both assemblages predate the end of slip on the detachment. At Dante's View, the gouge contains a distinctive assemblage of dioctahedral smectite (montmorillonite) and palygorskite.
Ruby Mountains Detachment, Nevada
[14] The Ruby Mountains metamorphic core complex is a well studied structure in NE Nevada [e.g., Snoke, 1980; Dallmeyer et al., 1986; Dokka et al., 1986; Mueller and Snoke, 1993; McGrew and Snee, 1994; McGrew et al., 2000] . The complex was exhumed along a west-dipping mylonitic detachment that is exposed sporadically along the western margin of the range and at Clover Hill at the northern end of the East Humboldt Range. The detachment has a ductile-tobrittle structural history, and was active from the Eocene to the late Miocene [Dokka et al., 1986; McGrew et al., 2000] . We sampled the detachment fault system gouges at two localities (see Figure 2 and Table 1), on NV Rt 321 approximately 5 km southwest of Wells, NV (Stop 20 of Snoke and Howard [1984] ), where the detachment places Miocene conglomerates over mylonitic probable Cambro-Orovician metacarbonates and at Secret Pass where the main detachment fault is exposed along NV Route 229 (Stop 12, locality H of Snoke and Howard [1984] ), where the detachment places Miocene zeolitized tuffs over silicified mylonitic probable Cambro-Orovician metacarbonates. At Clover Hill, the gouge zone is 1 m thick, reddish in color with white streaks along a crude fault-parallel foliation. XRD analysis of the gouge indicates that the Clover Hill gouge is dominated by illite, but that the white streaks are predominantly kaolinite, which likely postdates faulting, as the white streaks clearly cut across the predominant foliation in the gouge (Haines, unpublished thesis, 2008) . At Secret Pass, the gouge zone of the main detachment fault is 1.0-1.5 m thick and XRD analysis indicates that the gouge contains discrete horizons of illite-rich illite-smectite ($90% I in I/S) and dioctahedral smectite. The illite-smectite is crudely foliated subparallel to the fault plane at outcrop, and thus was present during the last slip event, whereas the smectite is not visibly foliated and may postdate fault slip (Haines, unpublished thesis, 2008) .
West Salton Detachment Fault
[15] The West Salton Detachment Fault is one of a suite of east-dipping low-angle normal faults on the western side of the Miocene-to-Recent Salton Trough, which forms the northern end of the Gulf of California. The fault was sampled in a small wash in the Santa Rosa Mountains (33°20 0 44 00 N, 116°8 0 12 00 W), where the detachment juxtaposes Paleozoic greenschist-and amphibolite-facies metasediments in both the hangingwall and footwall. The fault strikes roughly NW-SE and accommodated ESE-directed extension from the Miocene to early Pleistocene [Axen and Fletcher, 1998 ]. Locally, the fault strikes NE-SW and dips $25°to the east. The gouge zone is 0.25 to 0.5 m thick and displays a weak platy fabric subparallel to the fault plane. XRD analysis of the gouge shows that it consists primarily of a trioctahedral smectite (saponite) and chlorite (Haines, unpublished thesis, 2008) .
Peramola Thrust, Spain
[16] The Peramola thrust in the south-central Spanish Pyrenees is part of the Serres Marginals frontal thrust system. The thrust is exposed in a small roadcut (42°3 0 32 00 N, 1°15 0 43 00 E) at the village of Peramola, near the eastern termination of the Serres Marginals thrust system, where the fault places mid-Jurassic limestones over Eocene marls along the northwest margin of the Oliana anticline. The fault was active in the late Eocene during emplacement of the south-central Pyrenean thrust wedge [Puigdefà bregas et al., 1986; Sussman et al., 2004] . Locally, the thrust strikes NNW and dips west at 35°. The gouge zone is 2 -3 m thick and is weakly foliated subparallel to the fault zone margins at outcrop. XRD analysis of the gouge indicates that it consists [17] We characterized the clay mineral assemblages in all sampled gouges in detail by conventional XRD. These data indicate that with the exception of detrital chlorite in the Death Valley and West Salton Detachment Fault, clays are predominantly authigenic in origin and are not composed of detrital material derived from the wall rock (Haines, unpublished thesis, 2008) . For the faults sampled in this study, most clay gouges were volumetrically dominated by one or at most two clay minerals, with only minor abundances of other clays. None of the faults we sampled had significant veining or other visible evidence at outcrop of high fluid pressures.
Methods for X-Ray Texture Goniometry

Sampling of Gouge From Natural and Laboratory Faults
[18] We sampled gouge using a variety of field techniques and preservation methods. Natural samples were oriented with respect to the fault zone and either chiseled out of the fault zone or carefully removed along existing fractures using a pocketknife. Laboratory gouge layers were oriented relative to the shear direction and carefully removed from the shear forcing blocks [e.g., Ikari et al., 2007] . Both sets of gouge samples were set in a low viscosity epoxy (Struers EPOFIX) under low vacuum to stabilize the samples for handling. Samples were then cut to thicknesses of between 0.2 and 0.8 mm on an oil-lubricated, low-speed saw in the X-Z and/or Y-Z planes of the strain ellipsoid (perpendicular to the planar fabric and parallel to any lineation or known fault slip direction). For convenience, both natural and laboratory samples were oriented in the XTG apparatus so that the shear sense was horizontal in the machine geometry and pole figure output, with either sinistral or dextral shear as indicated on the figures below.
Laboratory Shear Experiments
[19] Twenty-five laboratory experiments were performed on montmorillonite and montmorillonite-quartz mixtures using a servo-controlled, double-direct shear testing apparatus at room temperature and humidity [e.g., Ikari et al., 2007] . In this configuration, two layers of gouge are sheared simultaneously while sandwiched between three forcing blocks. The side forcing blocks are held in place by applying a horizontal normal stress, which is maintained via servocontrol, while the central block slides between the side blocks at a controlled displacement rate, inducing shear. Both the center and side blocks have roughened surfaces which consist of triangular grooves 0.8 mm deep that ensure slip within the gouge rather than along the boundary (see Saffer and Marone [2003] for detailed description of the experimental configuration). Gouge layers were prepared using a leveling jig to produce a uniform frictional contact area (5 Â 5 cm) and initial thickness (4 mm). Layers were compacted to 2 -3 mm under normal load prior to shearing.
[20] Our synthetic gouge layers consisted of commercially available high-purity Ca-montmorillonite powder (GSA Resources Inc.) and pure quartz sand (F110, U.S. Silica Co.). X-ray diffraction and SEM analysis of the montmorillonite indicates that it is a dioctahedral smectite (Ca-montmorillonite sensu strictu), which contains two partially filled water interlayers at room humidity and which expands to two full interlayers when solvated with ethelyne glycol. The montmorillonite has a mean grain size of 60 mm with 80% of the grains between 3 and 142 mm and contains trace amounts of heulandite and quartz (<1%) [Ikari et al., 2007] . The quartz powder has subangular grains that range in size from 50 to 250 mm with a mean grain size of 127 mm and is >99% pure.
[21] Synthetic gouge samples were tested at applied normal stresses ranging from 10 to 150 MPa, for a series of gouge compositions ranging from 0 to 90 weight % quartz. In several of the experiments, normal stress was increased in steps; typical normal stress histories within an individual shearing experiment were 5, 10, 15, and 20; 30, 40, 50, and 75; and 100, 125, and 150 MPa (e.g., Figure 3 ). Samples were sheared at sliding velocities from 1 to 300 mm/sec. Gouge layers were subject to shear strains ranging from 0 (simple compaction) to $22, which was calculated by integrating the measured slip increments divided by the instantaneous layer thickness (Table 3) . Load point displacement of the vertical loading ram, which applies shear load, was corrected for elastic stiffness of the apparatus to produce true shear displacement [e.g., Mair and Marone, 1999] . Because several of our experiments were conducted at multiple normal stresses, we used only the shear strain at the highest normal stress to compensate for the effect of strain history. A total of 69 XTG measurements were made from samples prepared from the friction experiments (Table 2 ).
XTG Measurement Procedure
[22] Natural and synthetic gouge fabric intensities were measured on a modified Enraf-Nonius CAD4 single crystal X-ray diffractometer in transmission mode using the method of van der Pluijm et al. [1994] . The machine uses a molybdenum source and has a beam diameter of $1 mm. The natural samples were measured at 23 mA and 43 kV, and the experimental samples were run at 15 mA and 35 kV, because the peak intensities for the experimental materials (which are bimineralic or monomineralic and thus diffract much more intensely per unit volume than a polyphase mixture of equal volume) were too high to permit accurate fabric quantification at higher voltages. Repeat analysis of the same sample at both voltages yielded MRD's that were identical within 2 -3%. Owing to the extremely friable nature of some natural gouges and most of the experimental gouges, samples were cut thicker than the 0.2 mm by van der Pluijm et al. [1994] . Multiple analyses on samples from competent material that were cut both at 0.2 mm and 1.0 mm thickness indicate that fabric intensity (as measured in MRD units, multiples of a random distribution) varied by less than 10% between these samples. This minor difference in fabric intensity indicates that the relatively thick samples used in this study do not significantly affect our fabric intensity measurements, or comparisons with prior work.
[23] XTG analysis for a gouge sample is a two-step process. First, we scan over the range 1 -12°2Q Mo Ka (or 2-26°for 2Q Cu Ka) to identify the (hkl) peaks of the clay phases in a sample. Second, we measure the intensity of the clay phase of interest (usually the (001) peak) at each of $1300 different orientations to collect a pole figure. This provides a quantitative measure of phyllosilicate fabric intensity. The principal (hkl) peaks of clay minerals can be clearly distinguished on the Mo-source 2Q pattern. Each sample is characterized using conventional XRD techniques [Moore and Reynolds, 1997] prior to XTG analysis to distinguish between peaks of clay phases (e.g., kaolinite (001) and chlorite (002)) that may be indistinguishable on the lower-resolution Mo-source 2Q scan. Details of the full mineralogical characterization are given by Haines (unpublished thesis, 2008) .
[24] The second step of the XTG analysis involves collecting the pole figure. The X-ray detector is first moved to the position that corresponds with the d spacing of the prominent peak of the clay phase of interest (e.g., 14 Å for smectite (001), 10 Å for illite (001), 9.8 Å for sepiolite (110), 10.5 Å for palygorskite (110) and 7 Å for both chlorite (002) and kaolinite (001)). The sample is then rotated both in its plane and about a vertical axis through a total of 1296 different orientations, measuring the peak intensity at each orientation with a count time of 2 s, covering roughly 65% of a full hemisphere. When the scan is complete, the pole figure of the diffracted beam is smoothed using a two-cycle smoothing process and contoured using multiples of a random distribution [MRD] . The pole figures are corrected for X-ray absorption and the extrapolation to a full pole using the procedures of van der Pluijm et al. [1994] . The fabric intensity we report is the maximum measured MRD value of the pole figure.
[25] Each gouge sample was scanned at a minimum of two locations on the cut face surface. A total of 87 pole figures from natural gouges were collected for this study from analyses of 37 XTG samples cut from 22 hand specimens collected from 9 faults. XTG measurements were carried out on the primary clay mineral as identified in each sample by the Mo 2Q scan and XRD characterization. Where more than one clay phase was identified in a single sample, as at Badwater-1 and at Copper Canyon, separate measurements were made for each clay phase identified as listed in Table 2 .
Results
Natural Fault Gouges
[26] Our fabric intensity data for natural faults show that clay-rich gouges have uniformly weak fabrics (Figure 4 ). Clay fabrics in the 22 natural gouge samples measured in this study have an average MRD of 2.5 with a standard deviation of 0.5. The minimum observed MRD was 1.7, and the maximum was 4.0 (Table 1) . In all cases, fabric maxima as measured by XTG are subparallel to the crude foliation in many gouges visible at outcrop. Where a P foliation [e.g., Logan et al., 1979] was visible at outcrop, the fabric intensity maxima as determined by XTG is subparallel to the visible P foliation and not to the ''Y'' or R surfaces. When a P foliation was not visible, fabric intensity maxima were subparallel to the fault zone margins. Most clay gouges that were visibly foliated had slightly higher fabric intensities (average = 2.8, 1s = 0.5) than those that were not visibly foliated (average = 2.3, 1s = 0.5). Sample anisotropy was minor, samples cut in the XZ plane of the strain ellipsoid had MRD's that average 0.1 greater than those cut in the YZ plane (1s = 0.34, N = 15).
[27] Our results are consistent with previous findings [Yan et al., 2001; Solum et al., 2003 , J. Solum et al., unpublished data, 2005 A. Schleicher et al., unpublished data, 2007] . When prior results are combined with our data to encompass gouges from a variety of tectonic environments and with a range of clay mineral compositions, the average fabric intensity distribution changes only slightly. The merged data sets (N = 142; this study N = 90, previous data N = 52) have an average MRD of 2.6 with a standard deviation of 0.6. The minimum observed MRD in a clayrich fault gouge was 1.7 and the maximum was 4.0 ( Figure 4) . The uniformly weak fabrics observed from gouges in a total of 15 faults from a variety of tectonic environments indicate that this is a universal characteristic of clay-rich fault gouges.
[28] When the fault gouge fabric intensity data are separated by tectonic environment, such as thrust faults, lowangle normal faults and strike-slip faults, the fabric intensity distributions are essentially indistinguishable. Thrust faults have an average MRD of 2.6 (1s = 0.52, N = 27), low-angle normal faults have an average MRD of 2.7 (1s = 0.52, N = 90), and strike slip faults have an average MRD of 2.5. (1s = 0.44, N = 24) (see Figure 4) . High-angle normal faults have a similar average MRD of 2.4, although the data set is much smaller (N = 5, min = 1.79, max = 3.19). Minima and maxima are also are very similar for the three larger distributions; the minima of the three distributions are all 1.8, while the maxima range from 3.5 to 4.0. The agreement among fabric intensities for gouges from differing tectonic environments indicate that the clay fabric-forming process is essentially independent of the tectonic environment (Figure 4) .
[29] The clay mineralogy of the gouge imparts little effect on the measured fabric intensity. When the gouge fabric intensity data from the combined XTG data sets are organized by clay mineral, a similar pattern emerges to that described above. Illitic and chloritic gouges have essentially identical fabric intensities, 2.6 for illite (1s = 0.49, N = 57) and 2.5 for chlorite (1s = 0.47, N = 52). Sepiolite and palygorskite (both are phyllosilicates with a fibrous morphology as opposed to the platy morphology typical of most clay minerals) and corrensite-dominated gouges also have very similar average fabric intensities: 2.8 for sepiolite and palygorskite (1s = 0.51, N = 20) and 2.6 for corrensite (1s = 0.65, N = 9). Gouges where more than one clay phase was measured commonly have very similar fabric intensities for both phases. The fabric intensities for illite from fault gouge are, however, considerably weaker than those observed in illitedominated shales, where the observed MRD's typically range from 3.0 to 6.0. Smectite and kaolinite fabric intensities for fault gouges are somewhat weaker than those for gouges that are dominated by other clay minerals; MRD's for gouges dominated by smectite and kaolinite average 2.2 for smectite (min = 1.7, max = 3.0, N = 6) and 1.9 for kaolinite (min = 1.8, max = 2.0, N = 2).
Spatial Distribution of Clay Fabric Intensity in Low-Angle Normal Fault Gouges
[30] To examine intrafault variations in clay fabric intensity and to test the strain localization proposal of Cowan et al.
[2003], we measured clay fabric intensity along a transect across two low-angle normal faults (the Gregory Peak detachment at Size 36 Canyon and the Badwater Detachment). Three samples from each detachment were analyzed, one from the principal slip plane (PSP), one from the central region of the clay gouge layer and one from the footwall breccia ( Figure 5 ). A total of 11 fabric measurements were made from the 3 samples at each outcrop. At Size 36 Canyon, a clear shear fabric is preserved, and the clay fabric measurements from the lower gouge and the footwall are both subparallel to the macroscopic P foliation. The fabric from the PSP is subparallel to the PSP, which is a Y surface ( Figure 5 ). Fabric intensity increases only slightly from the footwall breccia toward the PSP. The footwall breccia MRD's averaged 2.3 (min 2.2, max 2.3, N = 3), while the lower and the PSP fabric intensities each averaged 2.6, (min 2.3, max 3.2, N = 4). At the Badwater outcrop, which lacks a strong shear fabric; the gouge zone foliation is only barely visible to the naked eye. Measured fabric intensity maxima are subparallel to the weak fault-parallel foliation visible at outcrop ( Figure 5 ). The fabric intensity decreases slightly with proximity to the PSP. The footwall breccia had MRD's of 2.5 and 2.8, while the lower gouge averaged 2.4 (min = 2.0, max = 2.5, N = 4) and the PSP averaged 2.2 (min = 1.9, max = 2.7, N = 5).
Synthetic Gouges
[31] The gouges formed under laboratory conditions exhibit similarly weak fabric intensities (MRD 1.7-4.6) to the natural samples (Table 3 and Figure 6 ). The clay fabric intensities from the 100% montmorillonite samples, which were compressed but not sheared (pure compaction, experiments P233, P234 and P1314), are very weak, and pole figures indicate maxima that are parallel with the applied normal stress. Measured MRD's average 1.7, with a standard deviation of 0.1, and vary only slightly, with a minimum of 1.6 and a maximum of 1.8. The MRD values for the samples with zero shear strain do not vary systematically with normal stress; fabric intensities for samples compressed at 10, 50, and at 150 MPa are effectively identical and uniformly weak. The fabric intensity maxima in these samples are parallel to the applied normal stress, which indicates that the clay crystallites are aligning, albeit very weakly, perpendicular to the compressive stress (Figures 7 and 8) . We note that fabric intensity does not increase noticeably with increasing normal stress beyond 10 MPa. This observation has important implications for the March strain model, which will be discussed below.
[32] Samples that are both compressed and sheared, exhibit substantially stronger fabrics compared to those that were only compressed. The MRD values of sheared samples average 2.9, and ranging from 1.7 to 4.6 (Figure 7) . Fabric intensity increases with increasing shear strain at shear strains from 0 to $20. The data indicate that fabric evolves nonlinearly with strain; most of the increase in intensity occurs between shear strains of 0 and 5. Unlike samples that were compressed without shear, sheared samples ( Figure 7 ) exhibit fabric maxima that align at an angle both oblique to the maximum compressive stress and to the shear direction, and subparallel to the P shear orientation of Logan et al. [1979] .
[33] The orientation of clay fabrics in the experimental samples is analogous to both our observations and prior work on clay foliation in natural fault zones [Chester et al., 1985; Cladouhos, 1999b; Cowan et al., 2003; Hayman, 2006] . The degree of rotation of the maxima from normal stress parallel toward the applied shear stress in the experimental samples increases with increasing strain, ranging from $0°at 0 shear strain, to a maximum of 30 -45°at shear strains of $6 (Figure 8 ). Maxima for samples with a shear strain of 0, i.e., simple compression, are all parallel to the applied normal stress. The samples with a shear strain of 0.5 exhibit either slightly inclined maxima or multiple maxima that are irregular and rotated at low angles (5 -15°), both toward and away from the applied shear stress Where two maxima occur, they are both within 10°of the applied normal stress, and may represent a transition from a compression-dominated fabric to a shear-dominated fabric. Maxima for the samples with a shear strain of $3 are rotated 20-35°toward the applied shear stress while the maxima for samples with a shear strain of $20 are rotated 30-45°toward the applied shear stress (Figure 8) .
[34] SEM images further document fabric evolution with increasing strain (Figure 9 ). The samples subjected to compression only exhibit no visible fabric, consistent with MRD's of 1.6 to 1.8. These fabrics are only slightly more coherent than expected for a random distribution of clay grains. Samples that are compressed and sheared, are characterized by boundary parallel Y surfaces at the sample margins and clearly developed R shears with polished and striated surfaces (Figure 9 ). The sheared samples also have a crude P foliation, although, interestingly, the P foliation in the samples is at a lower angle relative to the sample margins (typically 5°), compared to the primary orientation of the phyllosilicate crystallites determined from XTG analysis, which is 25 -30°from the sample margin.
[35] Clay fabric intensity in the experimentally deformed 100% montmorillonite samples increases systematically with increasing shear strain and normal stress (Figure 10 ). Under pure compaction, fabric intensity does not increase with increasing normal stress, whereas when both normal stress and shear stress are applied, normal stress controls the fabric intensity achieved at a given strain and also the amount of strain required to acquire a given fabric intensity (Figure 10 ). Samples subjected to compression but not shear exhibit MRD's from 1.6 to 1.8, whereas samples that were subjected to shear strains of $20 exhibited MRD's of 3.4 to 4.6. Samples compressed at 10-25 MPa acquired a weak fabric at strains up to $3 and maintained that fabric intensity up to a strain of 21; MRD's range from 1.7 (no fabric) to a maximum of 2.5, with most samples having an MRD of 2.1 to 2.4. Samples that were compressed at a maximum normal stress of 50-75 MPa and sheared to a shear strain of $22 have MRD's that range from 2.3 to 4.3, with fabric intensity increasing with increasing strain from an average MRD of 2.6 at a strain of $4, to an average MRD of 3.5 at a strain of 22.5. Samples that were compressed at a maximum normal stress of 150 MPa have MRD's from 2.2 to 4.0, with fabric intensity increasing systematically from an average intensity of 2.2 at a strain of 0.5 to an average fabric intensity of 4.0 at a shear strain of 20.5. [36] At all normal stresses, the maximum fabric intensity is typically reached within a shear strain of $5, with little to no further fabric intensification with subsequent shear strain. This is consistent with the results of Saffer and Marone [2003] , which show evolution of the frictional strength over the same range of shear strain. Our data suggest that at shear strains >5, strain is accommodated primarily along shear surfaces and that the spectator regions are acting to ''preserve'' fabrics acquired earlier in the strain history of the material. The clay content of our synthetic samples has almost no resolvable effect on the phyllosilicate fabric intensity (Figure 11 ). The MRD values for clay-rich and clay-poor material are essentially identical for a given normal stress and shear strain.
Discussion
Clay Fabric in Natural Gouges
[37] Three key points emerge from our fabric intensity measurements of natural fault gouge. First, natural fault gouges have uniformly weak fabrics when compared to the fabrics of phyllosilicate-rich rocks in other geologic environments. Fault gouge fabric intensities range from a low of about 1.7 to a maximum of about 4.0, with an average of 2.6. These fabric intensities are low compared to those measured from rocks formed in other geologic environments, Previously published XTG data show that, for rock in the mud-toshale transition, MRDs range up to $7 [Sintubin, 1994b; Ho et al., 1999; Aplin et al., 2006; Day-Stirrat et al., 2008] whereas, for rocks in the shale-to-slate transformation, MRDs range up to $20 [Tullis and Wood, 1975; Sintubin, 1994a; Ho et al., 1996 Ho et al., , 2001 Jacob et al., 2000] . For comparison, mylonites and schists have MRDs ranging from $4 to as high as 24 [Lipshie et al., 1976; O'Brien et al., 1987] (Figure 4) .
[38] A second key result is that tectonic environment does not significantly impact clay fabric development in fault zones. Thrust faults, strike-slip faults and both low-angle and high-angle normal faults all have similar fabric intensities. The third key result is that clay mineralogy of a natural gouge has only a very minor effect on fabric intensity. Fabrics from chlorite-dominated clay gouges have similar intensities to clay gouges dominated by illite or illite-rich illite-smectite (>75% I in I/S). Gouges dominated by corrensite or sepiolite have similarly weak fabrics compared to those dominated by chlorite or illite, although there are fewer data than from gouges with the former mineral assemblages. Natural gouges dominated by smectite and kaolinite have slightly weaker fabrics that may result from postfaulting growth of the clay phases or the wavy morphology of smectitic clay phases.
[39] We suggest two possible explanations for the lower observed fabric intensities in smectitic-rich and kaolinite-rich clay gouges relative to chloritie-rich and illite-rich gouges. First, the data for smectite and kaolinite are derived from measurements on clay gouges from three ''low-angle'' normal faults, two of which (Clover Hill and Secret Pass) have ambiguous field evidence that smectite-rich and kaoliniterich horizons in the gouge zone were present at the time of faulting. Thus, the very weak fabrics could have evolved as a result of clays that grew after fault slip ceased. If the fault surface was tectonically exhumed to higher levels in the crust, to a depth where differential stresses were lower, perhaps this led to a more isotropic clay fabric. Second, TEM images of smectite consistently show a distinctive wavy and irregular habit visible at very high magnifications [e.g., Schleicher et al., 2006] , whereas illite and chlorite at the same high magnifications typically have more planar morphologies. It is likely that the lower measured fabric intensities for smectite are at least partly a function of the differing crystallite morphology of smectite, although more study is required to validate this hypothesis.
[40] The observation that clay content in synthetic sheared samples has a small effect on fabric is in contrast with findings from sedimentary basins where the fabric intensity decreases systematically with increasing quartz content [Curtis et al., 1980; Sintubin, 1994a Sintubin, , 1994b . Two possible explanations exist. First, the MRD values observed in experimental gouges are so low that the effect of varying clay content is below measurement resolution. A similar comment can be made about the natural fault gouges, which also show low MRD values (Figure 4) . For natural and laboratory gouge zones, a systematic difference of fabric intensity with nonclay mineral content may be unresolvable within the limitations of the XTG technique. A second possibility is that fabrics in sedimentary rocks are dominated by authigenic clay that grows during burial and diagenesis, with a smaller contribution from detrital grains that rotate by physical processes. In sedimentary basins, the growth of authigenic phases at and below the smectite-to-illite transition can produce abrupt increases in fabric intensity with depth [e.g., Ho et al., 1996; Day-Stirrat et al., 2008] . In these situations, it is possible that the presence of quartz or other nonplaty particles hampers authigenic clay growth. Our laboratory experiments do not involve authigenic grain growth and thus rotation of clay grains is the only process for fabric development. However, authigenic grain growth does occur in natural fault zones [e.g., van der . In fault zones, if the preferred orientation of clay platelets is kept sufficiently weak by shearing, then the presence or absence of nonplaty particles, and whether they are detrital or authigenic in origin may not have a significant effect. Faulkner and Rutter, 2001] . This weakening mechanism generally requires that fault zone permeability is sufficiently low, and possibly anisotropic, such that fluids cannot escape into the surrounding wall rock. Permeability anisotropy is especially important for models that invoke a lower crustal Figure 9 . Annotated scanning electron images of experimental samples used in this study. (a) Photomosaic of SE images of sample P234, compressed at 50 MPa with no shear strain. Note the lack of a visible fabric. (b) SE image of sample P241, compressed at a maximum of 75 MPa and sheared during its final normal stress step to a strain of 3.8. Note the development of a clay fabric; R, Y, and P surfaces; and spectator regions. (c) SE image of sample P204, sheared at a maximum normal stress of 150 MPa and sheared during its final normal stress step to a shear strain of 3.8.
or mantle source of fluids entering the fault zone at its base [e.g., Rice, 1992] . Our finding that fault gouge clay fabrics are weak, although they do form subparallel to macroscopic fault zone foliations, suggests that fabric anisotropy is unlikely to be large enough to effectively confine fluids. This conclusion is supported by our finding of negligible changes in fabric intensity between samples cut in the XZ and YZ planes of the strain ellipsoid. Moreover, the conclusion is supported by the findings of Solum et al. [2005] and Hayman [2006] , as well as with recent studies that document little permeability anisotropy in clay-rich mudstones [Yang and Aplin, 2007] . Although permeabilities in clay-rich gouges are often low (10 À16 -10 À21 m 2 [e.g., Morrow et al., 1984; Gibson, 1998; Zhang and Cox, 2000; Crawford et al., 2002; Davatzes et al., 2005] , our clay fabric intensity measurements suggest that anisotropy may be weak. Thus, while low permeability may sustain high fluid pressures in clay-rich fault cores, anisotropy of permeability caused by strong phyllosilicate fabrics may not be a key control on the development or maintenance of locally elevated fluid pressures within faults.
[42] Macroscopic fabric elements common to many clayrich gouges would also act against maintaining high fluid pressures in fault cores for long periods of time. The presence of P and R surfaces with significant lateral continuity observed in many clay gouges [e.g., Cladouhos, 1999a Cladouhos, , 1999b Cowan, 1999; Cowan et al., 2003; Hayman, 2006] (Figure 5 ) would create conduits for fluid flow, which would act to reduce the capacity of the fault core to sustain high fluid pressures relative to the wall rock. Many low-angle normal faults have hanging walls that consist of loosely consolidated gravels and conglomerates (e.g., Figure 5 ). These hanging wall lithologies have visible primary porosity in the field which makes it unlikely that they will trap high fluid pressures in the adjacent gouge zones if the strain localization structures (''P'', R, and Y surfaces) in the gouge act as permeable pathways. It is thus probable that low-angle normal fault cores do not experience abnormally high fluid pressures relative to wallrocks unless the absolute gouge permeability is extremely low.
Natural Clay Fabrics and Shear Strain
[43] Our data from transects across low-angle normal faults approaching the principal shear plane (PSP) of Cowan et al. [2003] do not indicate a systematic increase in fabric intensity approaching the PSP. The probable explanation is that clay fabric intensity does not continuously increase with increasing shear strain, allowing for the larger shear strains posited near the PSP to accumulate without affecting the fabric intensity. This explanation requires that above some critical value for shear strain, clay fabric intensity remains essentially constant to allow very large shear strains to accumulate without developing strong fabrics, which is also suggested by our experimental work (see below). Another explanation is that the shear strain gradient across the detachment is more uniform than predicted by the conceptual model of Cowan et al. [2003] . The majority of outcrop exposures of low-angle normal faults show a general reduction in clast size approaching the PSP, but occasional clast to boulder size can be found within a few cm of the PSP (e.g., Figure 10 . Plot of fabric data from experimental samples against shear strain for 100% montmorillonite samples. Shown are the average fabric intensity (circles), minimum and maximum fabric intensity measurements (vertical bars) for a particular friction experiment to highlight the role of shear strain in increasing fabric intensity at low shear strains, and of normal stress controlling the fabric intensity at high shear strains. Ranges for natural data are shown on the right-hand side for comparison. [44] Natural clay-rich fault zones show evidence for authigenic growth of clays during deformation [e.g., Vrolijk and van der Pluijm, 1999; van der Pluijm et al., 2001; Solum et al., 2005; Haines, unpublished thesis, 2008] . Measured fabric intensities for clays that are demonstrably detrital (chlorite) and fabric intensities for clays that are authigenic (illite, smectite, corrensite, sepiolite, and palygorskite), are very similar. Both types of clays in gouges have MRD's that average 2.5, (1s = 0.5, N = 52 for detrital and 1s = 0.5, N = 93 for authigenic). Clay fabric intensity is, therefore, governed primarily by physical processes and not by chemical processes (i.e., reactions).
Implications of Experimental Clay
Fabrics for Natural Gouges 6.2.1. Experimental Clay Fabric and Shear Strain
[45] The fabric intensity data from our experimental gouges indicate that the preferred orientation of phyllosilicates in clay-rich material is primarily a function of shear strain and the applied normal stress. Fabric intensity does not vary systematically with clay content. Clay fabrics appear to have developed almost completely by a shear strain of about 5, and increase only slightly with higher shear strains, suggesting that there is an ''upper limit'' to clay fabric intensity generated by physical granular flow processes alone. At shear strains of 3.5, slip is already concentrated along narrow R and Y surfaces, leaving the regions of P foliation as ''spectator regions'' of low-strain material that are transported passively in the fault [e.g., Mair and Hazzard, 2007] (Figure 9 ). The existence of spectator regions would help to preserve low fabric intensities for the gouge zone as a whole. It is possible that lack of increase of fabric intensity across natural LANF's approaching the PSP could be attributed to this process. We are at present unable to test this further by generating very high shear strains (on the order of the 10s to 100s suggested for natural LANF rocks) in the laboratory, owing to samples becoming too thin to be measured reliably using XTG. Normal stress is important in accelerating clay fabric development at a given shear strain, and it apparent, for our experimental 100% montmorillonite mixtures, that fabric intensity is sensitive to applied normal stress (Figures 9  and 10 ).
Clay Fabrics and Compaction
[46] We find that unconfined compression of smectitic material, without shear, does not produce a strong preferred orientation. This contrasts with the March model prediction [March, 1932] of passive particle rotation during compaction and porosity loss, which suggests that fabric intensity increases systematically with compaction. However, it is important to consider the range of stresses over which particle rotation is likely to dominate fabric development. During burial, porosity is reduced from initial values of >60% to <30% within the first kilometer or two of burial [e.g., Athy, 1930; Hamilton, 1978] , where differential stresses are 1 -10 MPa [e.g., Bolwes et al., 1969; Vasseur et al., 1995] . The differential stresses applied to the experimental gouge samples in this study (10 -150 MPa) are considerably higher than those at which the majority of natural compaction occurs. Figure 12a and experimental data from Sintubin et al. [1995] and this study. Grey field is fabric development in natural shales. Dashed lines are fabric measurements from experimentally compressed material (smectite is from this study, Bi2223 is from Sintubin et al. [1995] ). Tullis [1976] data are not plotted, as normal stresses used during compaction are not known.
Thus, it is likely that our experimental samples were already compressed to low porosity, even at the lowest stresses used, and that very little pore space remained for clay crystallites to rotate and further reorient with increasing normal stress. In this case, higher differential stress would not produce stronger clay fabrics at compressive stresses beyond $10 MPa. Similar non-March strain behavior has been observed in fabric intensity measurements on compressed experimental aggregates of powdered phlogopite [Tullis, 1976] and Bi2223, a synthetic superconducting material (Bi 2 Sr 2 Ca 2-Cu 3 O x ) with a platy crystal morphology [Sintubin et al., 1995] . These studies indicated that the fabric intensity of experimental aggregates increased rapidly at differential stresses lower than 10 MPa, and then rose only slightly with continued compression to >800 MPa. The phlogopite material asymptotically approached a fabric intensity of $10.0 MRD with increasing normal stress [Tullis, 1976] , while the Bi2223 asymptotically approached a fabric intensity of $6.0 MRD [Sintubin et al., 1995] (Figure 12 ). Both materials exhibited March strain behavior at low compressive stresses (below 10 MPa) and then non-March behavior at higher stresses. Thus it seems likely from both our own data and previously published results that March strain behavior may not be realistic in geologic materials at compressive stresses much above $10 MPa.
[47] A lack of increasing fabric preferred orientation with increasing loading stress has been observed in downhole sedimentary sequences in the Gulf of Mexico and the Podhale Basin in Poland [Ho et al., 1995; Day-Stirrat et al., 2008] . These studies shows that fabric intensity does not increase systematically with depth (i.e., with increasing differential stress), but instead increases rapidly across the smectite-toillite transition as a function of the growth of new minerals (e.g., Figure 12 ). Strong fabrics (MRD = 3-6) were found below the depths at which mineral transformations in the Gulf Coast [Ho et al., 1999] and Podhale Basin sections [Day-Stirrat et al., 2008] , whereas for the offshore Gulf section [Aplin et al., 2006] , where the I/S transformation is not complete, fabrics remained low with increasing depth. The offshore Gulf section is overpressured (effective stress $20 MPa for the entire section) whereas the Gulf Coast and Podhal basin sections are normally pressured. The Gulf Coast and Podhal examples are both clear evidence of a lack of compaction-induced fabric development with increasing effective stresses, and instead are evidence for an increase in fabric intensity due to authegenic clay growth.
[48] A key finding of our study is that prior work overestimates the role of mechanical rotation for compactioninduced fabric development in shales [e.g., Lambe, 1953 Lambe, , 1958 Ingles, 1968; Yong, 1972] . Prior work consistently depicts compaction-induced fabrics as similar to those in the ''strong'' clay fabric of Figure 1 . However, our study quantifies clay fabric intensity directly, and shows that mechanical rotation due to compaction is not a major factor in generating preferred orientation in clay particles. The fabrics obtained by mechanical rotation due to compaction in the laboratory are weak (1.6 -1.8) in comparison to those formed by compaction and shearing in the laboratory (1.9 -4.6) and are much weaker than those developed by sedimentary diagenetic processes (1.8 -7.6, typically 3.0 -6.0; Figure 12 ) [Ho et al., 1999; Aplin et al., 2006; DayStirrat et al., 2008] .
[49] During diagenetic processes, authigenic minerals grow with a preferred orientation in response to a differential stress. Fabric evolution occurs via the transition from smectite to illite in sedimentary basins [e.g., Ho et al., 1995; Day-Stirrat et al., 2008] or the growth of new phyllosilicate phases during the transition from shales to slates in lowgrade metamorphism [e.g., Ho et al., 2001] . These data suggest that in sedimentary basins at depths above the onset of the smectite-to-illite transformation, fabric intensity is dominated by compaction, whereas at and below the smectiteto-illite transformation, fabric intensity is almost entirely dominated by authigenic (mineral-forming) processes ( Figure 13 ). Another consideration in evaluating fabric development is the role of water in aiding grain boundary sliding in compacted samples. Our laboratory experiments were performed dry, so the role of water on aiding fabric development by grain boundary sliding could not be evaluated.
Conclusions
[50] We conclude that fault gouge phyllosilicate fabric intensities are uniformly weak compared to those observed in shales and slates. Clay fabric intensities of natural fault gouge do not vary significantly as a function of tectonic environment or mineralogy of the dominant clay phase. Transects across low-angle normal fault zones show that gouge clay fabrics do not increase systematically with increasing shear strain. The weakness of clay fabric intensi- Figure 13 . Schematic figure of clay fabric intensity plotted against depth showing relative contributions of compaction and authigenic mineral growth in the development of fabric intensity in diagenetic sequences as inferred from our fabric intensity measurements and previously published data. Thick line is representative fabric intensity evolution in sedimentary basins from deposition to lowgrade metamorphism as inferred from natural data. Shortdashed line is component of measured fabric in sedimentary rocks due to compaction as inferred from this study, Tullis [1976] , and Sintubin et al. [1995] . Long-dashed line is component of fabric in sedimentary rocks due to authigenic mineral growth. ties in natural gouges seems to rule out strongly anisotropic permeability, as required in some models for the generation of elevated fluid pressures within fault zones.
[51] XTG fabric intensity measurements from laboratory experiments with synthetic clay-quartz gouge lead to the following three main conclusions:
[52] 1. Experimental clay gouge phyllosilicate fabrics are weak, but fabric intensities vary systematically with shear strain. Fabric intensities for strained samples range from 1.7 to 4.6 and increase with increasing strain up to shear strains of $5, after which further increases in fabric intensity are negligible. Fabric intensity in sheared samples is enhanced by increased normal stress.
[53] 2. Gouges that are subject to compressive loading without shear acquire a weak fabric, regardless of the applied normal stress. This fabric is generally developed perpendicular to the applied normal stress. Samples that are both compressed and sheared develop fabrics in which the clay crystallites are oriented obliquely, roughly 15°to s 1 , along P surfaces.
[54] 3. Samples that are compacted without shear have very weak fabrics, regardless of the applied normal stress. In light of these observations, the hypothesis that mudrocks acquire their preferred orientation primarily from compaction needs to be reconsidered, especially in environments where the differential stress is greater than 10 MPa, although the role of water saturation in aiding grain boundary sliding has not been evaluated.
